We review the emergence of ten-dimensional closed string theories as subspaces of the Hilbert space of the 26-dimensional interacting bosonic string theory. They arise from a consistent truncation procedure which generates space-time fermions out of bosons. This procedure is extended to open string sectors. The confrontation of truncation with bosonic open string tachyon condensation leads to a predictive scenario. Tensions of orientifolds and stable D-branes in fermionic theories are evaluated in terms of their bosonic parents. The anomaly free Chan-Paton group of the supersymmetric Type I theory and the consistent Chan-Paton groups of Type O non-supersymmetric theories are derived from purely bosonic considerations. These results corroborate the suggestion that truncation is a dynamical process whereby space-time fermions and supersymmetries emerge from bosonic degrees of freedom. This may signal a fundamental theory of quantum gravity without fermionic degrees of freedom.
Introduction
It has been demonstrated previously that all the ten-dimensional closed superstring theories (Type IIA, Type IIB and the two distinct heterotic superstrings) are hidden in the Hilbert space of the 26-dimensional closed bosonic string theory [1] . More precisely, the states and interaction vertices defining perturbatively these superstrings form a subset of states and interaction vertices of the bosonic string. The emergence of space-time fermions and of supersymmetry, anticipated by Freund [2] , is an impressive property of the bosonic string. The generation of space-time fermions out of bosons appears in reference [1] as a stringy generalisation of the field theoretical mechanism by which non abelian monopoles become fermions in an appropriate environment [3] .
The superstrings arise from a torus compactification of the bosonic strings on E 8 × E 8 where only the second E 8 plays an active rôle. The superstring content of the bosonic string appears when all states pertaining to the first E 8 are removed from the spectrum. We call this a "truncation". The truncation required to reveal superstrings has in fact to be extended to all oscillator states in four of the eight compact dimensions spanned by the second E 8 -lattice of zero modes. However, some particular zero modes will have to be retained in these dimensions. They play an essential rôle in the construction and have an interesting interpretation in terms of superghost zero modes.
The second E 8 -lattice is equivalent to a subset of lattices generated by SO (16) and the theory can be more elegantly formulated in terms of E 8 × SO(16) [4] . This was in fact a crucial step, because using general compactifications on E 8 × SO(16) led to uncover not only the superstrings, but also the non-supersymmetric fermionic strings hidden in the 26-dimensional bosonic string 1 . In this way, Type OA and Type OB [5] and all the consistent nonsupersymmetric ten-dimensional heterotic strings discovered in reference [6] emerged directly from their 26-dimensional ancestor [7, 8] , using a universal truncation procedure [9] .
The universality of the truncation procedure, leading from the bosonic string to all these fermionic strings, suggests that this process is a dynamical one. It was in fact conjectured in reference [4] that string field expectation values in string field theory may provide the mechanism needed to move out of the tachyonic vacuum of the bosonic string to reach the vacuum of a truncated theory. This remained a pure speculation devoid of any predictive content and there was no clear indication that truncation had any dynamical significance.
In this paper we extend the truncation procedure to open strings. We take advantage of some recent developments in the understanding of open string tachyon condensation [10, 11] to construct a scenario which provides a link between truncation and tachyon condensation. This leads to remarkable results: the stable D-brane and orientifold tensions of supersymmetric and of non-supersymmetric fermionic theories follow from properties of the 26-dimensional bosonic string theory. The Chan-Paton group SO(32), which ensures that Type I theory is anomaly free, and the consistent Chan-Paton groups for Type O theories are derived from pure bosonic considerations. These results point towards a dynamical origin of the truncation process and, in the context of string theory, to the fundamental significance of the 26-dimensional bosonic string.
The paper is organised as follows. In Section 2, we review in simple terms all the essential steps needed to understand how closed fermionic supersymmetric and non-supersymmetric ten-dimensional string theories stem from their bosonic parent. Section 3 presents the scenario which links the dynamics of tachyon condensation in the open string sector to truncation. This permits to enlarge the scope of the truncation process to obtain the open fermionic string theories, and leads to definite predictions which are checked. In the final section 4, we explain the dynamics underlying the scenario and suggest that the truncation process is related to the fate of the bosonic closed string tachyon. We stress the possible relevance of our results for quantum gravity.
2 Truncation of the closed bosonic string
Fermions and worldsheet supersymmetry
Fermionic closed strings, whether space-time supersymmetric or not, have a worldsheet local supersymmetry in the left and/or right sectors. It turns out that the space-time fermions contained in such strings can be accommodated in the Hilbert space of the closed 26-dimensional bosonic string provided three requirements are met: a) A continuum of bosonic zero modes must be removed. This can be achieved by compactifying d = 24 − s transverse dimensions on a ddimensional torus. This leaves s + 2 non-compact dimensions with transverse group SO trans (s). b) Compactification must generate an internal group SO int (s) admitting spinor representations 2 . This can be achieved by toroidal compactification on a simply laced Lie group G of rank d containing a subgroup SO int (s). The latter is then mapped onto SO trans (s) in such a way that the diagonal algebra so diag (s) = diag[so trans (s) × so int (s)] becomes identified with a new transverse algebra. In this way, the spinor representations of SO int (s) describe fermionic states because a rotation in space induces a half-angle rotation on these states. This mechanism is distinct from the twodimensional worldsheet equivalence of bosons and fermions. It is reminiscent of a similar mechanism at work in monopole theory: there, the diagonal subgroup of space-time rotations and isospin rotations can generate spacetime fermions from a bosonic field condensate in spinor representations of the isospin group [3] .
c) The consistency of the above procedure relies on the possibility of extending the diagonal algebra so diag (s) to the new full Lorentz algebra so diag (s + 1, 1), a highly non trivial constraint. To break the original Lorentz group SO(25, 1) in favour of the new one, a truncation consistent with conformal invariance must be performed on the physical spectrum of the bosonic string. Actually, states described by 12 compactified bosonic fields must be truncated, except possibly for zero modes. This follows from the need, in string theory, of a local worldsheet supersymmetry to accommodate spacetime fermions. In units where each two-dimensional boson contributes 1 to the Virasoro central charge, the related superghost contributes 11, while the longitudinal and time-like Majorana fermions contribute 2 × 1/2. Therefore, one requires 12 compactified bosons to account for the anomaly of the superghost and unphysical Majorana fermions. Moreover, the need to generate an internal group SO int (s) via toroidal compactification requires s/2 compactified bosons which can account for s transverse Majorana fermions (we hereafter take s to be even, in which case s/2 is the rank of the internal group). Therefore, one must ensure that the total number d = 24 − s of compactified dimensions is at least 12 + s/2. In other words,
and the highest available space-time dimension accommodating fermions is therefore s + 2 = 10 [1, 4] .
We shall verify below that the closure of the Lorentz algebra indeed requires Eq.(1).
Closed string compactification and zero modes
Consider the bosonic closed string compactified on a d-dimensional torus. In terms of the left and right compactified momenta, the mass spectrum is
and
In Eq.(2) N L and N R are the oscillator numbers in 26-dimensions and the zero modes √ 2α ′ p L , √ 2α ′ p R span a 2d-dimensional even self-dual Lorentzian lattice with negative (resp. positive) signature for left (resp. right) momenta. This ensures modular invariance of the closed string spectrum. For generic toroidal compactifications, the massless vector states α 2) . The gauge symmetry is enlarged to G L × G R provided the zero modes span an even self-dual Lorentzian lattice [12] . In particular, this is the case for compactification on G × G where G is any semi-simple simply laced group of rank d, if both √ 2α ′ p L and √ 2α ′ p R span the full weight lattice Λ weight of G in the same conjugacy class. Namely √ 2α ′ (p L − p R ) must be on the root lattice Λ root of G [13] . Now perform a toroidal compactification of, say, the right sector of the theory on a simply laced group G. Then truncate the spectrum by tentatively removing all states (i.e. oscillator and momenta) in 24 − 3s/2 of the total number d = 24 − s of compact dimensions, leaving s + 2 non compact dimensions. Also, since the truncation removes a subset of states whose compactified momenta lie on the weight lattice of G, one expects the embedding of the subgroup SO int (s) to be regular 3 . This must in fact be the case as discussed below.
Let us examine the closure of the Lorentz algebra so(s + 1, 1) [1, 4] . The generators of the diagonal group SO diag (s) are given by
where L ij are the generators of the transverse space-time group SO trans (s) and the operators K ij o generate the internal SO int (s). Note that Eq.(4) maps the internal group onto SO trans (s). The K ij o are the zero modes of the full Kac-Moody algebra generated in the compact dimensions from bosonic vertex operators and obey the commutation relations
and k is the level of the algebra. To check the closure of the Lorentz algebra, one has to supplement Eq.(4) with the generators J i+ , J +− and J i− defined in the light-cone gauge. The first s + 1 operators only involve position and momentum operators, but the J i− involve oscillators in ν = s/2 + s compact and transverse non compact dimensions. The Kac-Moody generators Eq. (5) are needed to obtain the correct commutation relations between these new generators and the rotations in transverse space J ij . It remains to show that boosts commute, i.e.
[
This is a non-trivial requirement. Imposing the mass shell condition
where N R (ν) is the oscillator number in ν dimensions and C is a parameter, one obtains Eq. (7) provided [4] 
The solution 4 ν = 12, k = 1, C = 1/2, is compatible with our truncation scheme. Recall indeed that ν counts the compact dimensions associated with SO int (s) as well as the s transverse space-time dimensions. So, ν = 12 corresponds to s = 8 and, in accordance with the central charge argument developed in section 2.1, to a truncation of twelve compactified dimensions.
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Furthermore, compactifications on lattices of simply laced groups always generate level one Kac-Moody algebras [14] , and therefore, k = 1 is consistent with torus compactification of SO int (s). Moreover, the Dynkin index of its [15] . This is equal to one, which implies that the embedding is regular.
There is however a potential problem of compatibility between the closure of the new Lorentz algebra and our truncation: setting C = 1/2 in Eq. (8) is not consistent with Eq.(2) if the truncation only keeps the zero mode contribution coming from the internal symmetry group SO int (8) . There is some subtlety with zero modes in the other compact dimensions. To clarify the issue, let us further analyse the embedding of SO int (8) in G and the twelve-dimensional truncation.
The centre of the covering group of SO (8) 8 ) number of minus signs. The structure of the weight lattice of all SO(4n) groups is the same: in a 2n-dimensional Cartesian basis, the root lattice vectors have integer components whose sum is even (and contains the element (8) is rooted in the triality properties of the group, and the choice of a vector representation √ 2α ′ p v is a mere convention. √ 2α ′ p v is in fact defined by its mapping onto the representation of the SO trans (8) group as described in Eq.(4). It is this mapping which transmutes the spinors (s) 8 and (c) 8 of SO int (8) to space-time spinors of the Lorentz group SO(9, 1).
In order for Eq.(2) to be compatible with Eq.(8) one must keep zero modes in the 16 compact dimensions in such a way that
Note that the contribution of these zero modes to the spectrum, namely 1/2, is exactly the energy required to remove the zero-point energy (-12/24) contribution to the energy of the states taken out by the truncation.
Eq.(10) can be satisfied by choosing
and we shall prove at the end of section 2.4 that from this choice all known ten-dimensional closed fermionic strings can emerge from the same truncation In terms of lattices, the decomposition of SO (16) yields
The vectors of norm one in
as zero modes to satisfy Eq. (10). This gives the truncations
It follows from the closure of the Lorentz algebra that states belonging to the lattices (v) 8 or (o) 8 are bosons while those belonging to the spinor lattices (s) 8 and (c) 8 are space-time fermions. These zero modes ensure the truncations consistency by selecting the emission vertices of the fermionic strings as subsets of the emission vertices of the bosonic string [1, 4] . They may in fact be viewed as the zero modes of the superghosts which enter these emission vertices of the fermionic string 6 . We shall therefore refer to these zero modes as to ghost vectors. We now show that this choice of zero modes
) preserve modular invariance in the truncation.
Modular invariance
Consider a closed string compactified on a group G L × G R where the left and right groups G L and G R are simply laced. Instead of starting with the modular invariant partition function of the even self-dual Lorentzian lattice constructed out of G L ×G R , we shall analyse the modular transformation properties of the partition function of the full weight lattice Λ * ≡ Λ(G L ×G R ). This lattice admits a coset decomposition Λ * /Λ 11 with Λ 11 the even Lorentzian lattice of the vectors
The coset decomposition follows from the fact that any even lattice is integral (i.e. for all pairs of lattice vectors v and v ′ , v.v ′ ∈ Z) and that any integral lattice is a sublattice of its dual. The latter can then be decomposed into an integer number N of cosets. In the present case, we have
where the N = N L N R sublattices Λ αβ are isomorphic to the lattice Λ 11 . N L and N R are equal to the order of the centres of the covering groups of G L and G R .
The partition function of each sublattice Λ αβ factorises in left and right partition functions
where
Here Λ 1R is the G R root lattice and p βR is an arbitrarily chosen vector of a sublattice Λ βR in the coset decomposition Λ *
R is the oscillator number in the compact dimensions while δ R is the number of compact dimensions. A similar expression holds forγ αL (τ ). Clearly, if G R can be decomposed further in a direct product of simply laced groups, γ βR (τ ) can be factorised further accordingly. The simple S-modular transformation (S : τ → −1/τ ) of each factor 7 (e.g.)
provides a simple proof that any modular invariant closed bosonic string compactified on rank sixteen groups G L and G R allowed by our truncation yields after truncation a fermionic modular invariant ten-dimensional string.
We compactify on E 8 × SO (16) 
as do the four SO(8) partition functions γ (o) 8 , γ (v) 8 , γ (s) 8 and γ (c) 8 . The crucial point is that our truncation Eqs. (13) or (14), together with a sign flip on the spinorial SO(8) partition functions γ (s) 8 and γ (c) 8 commutes with S. We show this for the truncation with ghost vector
Truncating and flipping γ (o) 16 as well as its S transform as given in Eq. (19) , one gets the correct S transform of γ (v) 8 , as depicted in the diagram below.
This expression is a straightforward consequence of the Poisson resummation formula and of the relations
See for instance reference [16] .
Similarly, starting with γ (s) 16 , we get the corresponding diagram.
The commutation with S of the truncation-flip for the two remaining partition functions follows from the above diagrams in an obvious way. It follows from the commutation properties just described and from the factorisation of the partition function of the lattice
, that any S invariant partition function before truncation and flip remains so afterwards.
To summarise, the truncated partition functions do have the same modular properties under inversion S as the original bosonic partition functions provided, in accordance with the SO(9, 1) Lorentz group, internal spinors are transmuted to space-time spinors. A glance at Eq. (17) shows that the invariance under the translations τ → τ + 1,τ →τ + 1 is also preserved when both sectors are truncated. It is preserved for the heterotic strings because the half integer (δ R − δ L )/24 = (4 − 16)/24 compensates the half integer arising from ghosts of norm one. The modular invariance of the lattice partition function ensures the modular invariance of the partition function of the full theory. This completes the proof that the truncation from E 8 × SO (16) to SO int (8) + ghosts transfers modular invariance from the 26-dimensional bosonic string to ten-dimensional fermionic strings 8 .
Closed fermionic strings
We now explain how the consistent fermionic ten-dimensional strings [5, 6] may be obtained by truncation from the 26-dimensional bosonic string.
First we consider the fermionic theory emerging from truncation in both left and right sectors. We thus examine a compactification on both sectors with
In the truncated theory, (E 8 ) L,R merely disappear, and we therefore only discuss in detail the fate of the SO(16) L,R representations under truncation. In the full bosonic string, the representations of SO (16) entering the partition function are restricted by modular invariance 9 . Typically, such partition function is a sum of products of left and right partition functionsγ αL , γ αR .
Using the transformation properties Eq.(19), one finds there are two distinct partition functions. The first one is,
and the second is,
The first partition function translates the fact that the sum of the (o) 16 and (s) 16 weight sublattices of SO(16) form the even self-dual lattice of E 8 . Such compactification is thus equivalent to a compactification on the left and right
To interpret the result of the truncation in conventional terms, we note that the SO (8) 
which is
Replacing p ′ s by p ′ c in, say, the right sector one gets, using Eq. (14), the non chiral supersymmetric closed strinḡ
The same choices of the ghosts in the second partition function yield the non-supersymmetric strings
Heterotic strings are generically obtained from compactification on G L × G R by only truncating in the right sector with G R = E 8 × SO (16 Such procedures are unsatisfactory because truncation would shed no light on the origin neither of the Chan-Paton group SO(32) needed to make the Type I theory anomaly free, nor of the Chan-Paton factors which eliminate the cosmological constant in Type O theories. One could of course introduce the required Chan-Paton factors at the level of the bosonic string, but there 10 All these heterotic strings have rank 16 groups G L . There is one heterotic string with left symmetry E 8 . Although it can still be derived by the general truncation procedure from the bosonic string, it involves an additional twist [8] .
11 For a review of the type O open string theories we refer the reader to [18] and references therein.
is no rationale for doing this. We shall obtain all these fermionic strings from a single 26-dimensional parent bosonic string.
The Chan-Paton factors of the bosonic string can be interpreted as stacks of bosonic D25-branes. Dp-branes have a tension [19] 12 T bosonic p
where κ 2 26 = 8πG 26 and G 26 is the Newtonian constant in 26 dimensions. In the case of unoriented strings there is a 25-dimensional orientifold plane O25. In its presence, the stack of M/2 space filling D-branes (+ images) gives rise to SO(M) Chan-Paton factors. The orientifold 25-plane has a negative tension given by [19] T
We make the working hypothesis that there is no cosmological constant (no tadpole), at the leading order in the string coupling constant g, in the parent bosonic string. Therefore one needs 2 12 D25-branes (+ images) to cancel the tension of the O25 [19] . The unoriented bosonic string has therefore a Chan-Paton group SO(2 13 ). Such a large group is of course inconsistent for fermionic theories and truncation cannot be correct in presence of the open string sectors except if a dynamical mechanism which reduces the number of D-branes is available.
Tachyon condensation
13 yields the required dynamics provided it can be halted by truncation, as explained below.
In general a D-brane is unstable when strings that begin and end on it have a tachyon in their spectrum. There is ample evidence that tachyon condensates provide the negative energy necessary to dissolve bosonic D-branes into the closed string vacuum [11] . The annihilation may also involve intermediate steps: topological excitations of the tachyon field induce decay of one or several Dp-branes into lower dimensional branes [11] . This descent of unstable branes can terminate in the vacuum. If truncation is a dynamical process, a bifurcation of the descent might occur which could terminate on a stable 12 We always give the Dp-brane tensions computed in the oriented closed theory. 13 See for instance [10, 11, 20, 21] for some relevant papers on the different approaches of this, by now, vast subject. fermionic brane. In other words, truncation can bring the descent to a halt if the brane emerging from it is stable.
We shall consider the following scenario. The D25-branes decay to bosonic D9-branes filling a non-compact ten-dimensional space-time. Truncation then generates the stable space filling D-branes of the Type IIB and Type OB string theories. The sixteen-dimensional torus in configuration space on which the bosonic 26-dimensional theory is compactified is determined by two requirements. First, the boundary conditions in the open string sector are fixed by the D9-branes emerging from condensation. Second, the group structure needed to get the closed sector of the fermionic strings by truncation follows from the analysis of Section 2.4, namely E 8 × E 8 for Type IIB and E 8 × SO (16) The configuration space torus is defined by a periodic lattice in the compact target space x x ≡ x + 2πL .
The Dirichlet boundary conditions in the compact dimensions
identify L as a vector of the winding lattice. The mass formula is
where N is the oscillator number in 26 dimensions. When (2/α ′ ) 1/2 L spans an even lattice, the open string spectrum has degeneracies between oscillator and winding states. In particular, when (2/α ′ ) 1/2 L spans the even root lattice of a semi-simple Lie group G, zero mass scalars fall into the adjoint representation of G and all states belong to representations of G generated by a Kac-Moody algebra. Unitarity implies that the global symmetry of the open string sector is extended to the local symmetry G × G in the closed string sector [13] . Its mass spectrum is given by Eq.(2). The momenta √ 2α ′ p L and √ 2α ′ p R are on the weight lattice Λ weight of G and obey the constraint √ 2α ′ (p L −p R ) ∈ Λ root , in accordance with the modular invariance requirement. The winding lattice is
where r a is a simple root of G. As stated above, we shall in particular be interested in G = E 8 × E 8 and G = E 8 × SO (16) . In general, the volume V D of the torus is:
where V root is the volume of the elementary cell of the G root lattice. It is equal to √ N with N the number of conjugacy classes. One thus gets
We see that the volume V D is in general different from the self-dual volume
which is invariant under the T-duality interchanging Dirichlet and Neumann boundary conditions. At this self-dual point the generic symmetry [
d . This group has N = 2 d conjugacy classes and Eq.(33) reduces to Eq.(34). For other semi-simple Lie groups G, T-duality can be generalized to the E-duality subgroup of the invariance group of the closed string spectrum. E-duality switches the Dirichlet boundary conditions to generalized Neumann conditions and vice-versa [22] . The volume in configuration space corresponding to these Neumann boundary conditions is different from Eq.(33) and is
The derivation of Eq.(35) along with a discussion of E-duality is given in appendix A. In the case of [SU(2)] d the two volumes V D and V N coincide, as expected.
In our scenario for generating open fermionic string theories from a single parent bosonic string theory, the torus in configuration space on which truncation takes place is defined by the winding lattice Eq.(31); its volume is V D given in Eq.(33). We emphasize that the group structure of the lattice is determined by truncation while the singling out of the volume V D follows from the boundary conditions imposed by condensation. Thus our scenario is based on a deep interplay between the truncation mechanism and tachyon condensation in bosonic open strings.
This scenario is predictive and has interesting consequences. Let us assume that a condensation process preserving the total mass of all the D-branes can occur on a torus of volume V D . We shall argue in section 4 that conformal invariance ensures the validity of this assumption. The number of final D9-branes will then be predicted. We shall find by inspection that the tendimensional tension of the bosonic D9-branes is equal to the tension of the fermionic D9-branes generated by the truncation. This fact will then imply that the tension of the orientifold generated by truncation is equal to the ten-dimensional tension of the orientifold of the original bosonic theory, and truncation is thus also a mass conserving process. The consistent Chan-Paton factors of Type I and of Type O are determined from the 26-dimensional bosonic string theory alone.
We first examine the implications of our assumption for the parent bosonic string and then check its consequences for the fermionic strings emerging from it by truncation.
Energy conservation in condensation
The first consequence of energy conservation in the condensation process of the SO(2 13 ) bosonic theory is that the vanishing of the cosmological constant is preserved. Before condensation, the orientifold simply wraps on the torus as the D25-branes do. The wrapping does not affect the compensation of D-branes and orientifold tensions implied by Eq. (27) . The orientifold does not feel the condensation and its tension in ten dimensions E or is thus equal to T bosonic O25 V D . The 2 12 wrapped D25-branes decay into a number n f of space filling D9-branes with total tension E f = n f T bosonic 9
. E f is equal to the total initial tension of the D25-branes in ten dimensions E i = 2 12 T bosonic 25 V D . We therefore have E f = E i = −E or , and the cosmological constant after condensation remains zero, independent of the number of final D9 branes.
Energy conservation predicts the ratio of the number of D-branes before and after condensation once the condensation volume is given. This will be used in the next section to determine the Chan-Paton factor of the fermionic Type I and Type O strings. We generically consider here the condensation of n i D(p+d)-branes down to n f Dp-branes where d is the number of compact dimensions. The total tension E i of the D(p+d)-branes in 26 -d dimensions prior to condensation is E i = n i T bosonic p+d V D . After condensation, the total tension of the bosonic Dp-branes is E f = n f T bosonic p . Using the generic recursion relation between the tensions of D-branes [19] ,
Energy conservation implies
or using Eq.(33)
Eqs.(37) and (38) make sense only if n i /n f is an integer and only in that case an energy preserving condensation may exist. We shall see in the next sections that in the relevant cases n i /n f is integer. These equations show that no reduction in the number of branes occurs at the self-dual volume Eq.(34) but that the reduction may become drastic when N is of order one. Note that Eq.(37) can be used also in a more general context, namely when V D is any compactification volume such that n i /n f is integer. For instance it is known that two D(p+1)-branes compactified on a circle can decay into one Dp-brane; thus when the radius of the circle is half the self-dual radius, this condensation is an energy conserving process [11] .
Finally we rewrite the tension of a bosonic D9-brane in terms of the ten- dimensional gravitational constant κ 10
We now apply these results to supersymmetric and non-supersymmetric tendimensional orientifolds and D−branes.
Supersymmetric strings
Performing a worldsheet parity projection on Type IIB strings, one gets the unoriented Type I string theory. From our approach, this should emerge from the unoriented bosonic string SO( 2 13 ) compactified on the torus yielding type IIB. This is the E 8 × E 8 -torus for which N = 1.
We first verify that the Eq.(39) with N = 1 yields the tension of the D9-brane of Type IIB (or Type I). We get
This is the correct result.
We now compute the number of such D9-branes. Using Eq.(38) we get
The results Eqs. (40) and (41) imply that the ten-dimensional tension of the wrapped bosonic orientifold is equal to the fermionic orientifold tension T IIB O9 . The analysis of the previous section shows indeed that the parent bosonic theory has still no ten-dimensional cosmological constant after condensation to n f bosonic D-9 branes. But n f T
is also the tension compensating the orientifold tension of the fermionic string theory. The latter is then equal to the ten-dimensional tension of the wrapped bosonic orientifold.
Mass is thus conserved in the truncation process for D-branes and orientifold, as announced.
The 2
4 stable Type IIB D9-branes (+ images) are BPS-branes. They carry Ramond-Ramond charges, as does the orientifold, which originate in the truncation procedure from the internal part SO int (8) of the new Lorentz group. They build the Chan-Paton group SO(32) of Type I ensuring that the vacuum of the superstring is neutral and the theory anomaly-free [19] . This group emerges here from the SO(2 13 ) 26-dimensional bosonic theory.
Non-supersymmetric strings
Worldsheet parity projection applied to type OB strings yields unoriented type O string theories. From our approach, this should also emerge from the unoriented bosonic string SO( 2 13 ) when compactified on the torus yielding type OB. This is now a E 8 × SO(16)-torus for which N = 4.
We verify that the Eq.(39) with N = 4 yields the tension of the D9-brane of Type OB (or Type O). We get
This is the correct result (see for instance [23] ).
We compute the number of such D9-branes. Using Eq.(38) we now get
The results Eqs. (42) and (43) imply again that the ten-dimensional tension of the wrapped bosonic orientifold is equal to the fermionic orientifold tension T OB O9 because the latter is larger than T IIB O9 by a factor √ 2.
Here also, mass is conserved in the truncation process both for D-branes and orientifold.
There are two distinct charged stable Type OB non-BPS D9-branes corresponding to the two Ramond-Ramond lattices (s) 16 and (c) 16 . The orientifold however is neutral. The 2 5 (+ images) Type OB D9-branes occur in charge conjugate pairs and the available Chan-Paton factors are [SO(32 [18] . Their origin can again be traced to the SO(2 13 ) 26-dimensional bosonic theory.
Discussions
The fermionic ten-dimensional closed string theories arise from the interacting 26-dimensional bosonic closed string theory by a consistent truncation procedure.
The extension of this procedure to open string sectors, combined with the condensation mechanism of open string tachyons, lead to a consistent scenario indicating that the 26-dimensional bosonic string theory might play a central rôle in the search for the fundamental theory encompassing string theories. By truncation and condensation, we obtain the tadpole free type O and type I fermionic open strings from a single 26-dimensional parent bosonic theory, namely the unoriented tadpole free SO( 2 13 ) open bosonic theory. We also obtain the correct tensions of the stable D-branes and orientifolds of the fermionic theories.
The scenario relies on the assumption that the D25-branes of the parent theory decay by tachyon condensation to lower dimensional D-branes, and that this process conserves the total mass of the D-branes. This descent is put to an end when a bifurcation is possible, in the sense that the truncation leads to stable D-branes. This precisely happens when the D25-branes have decayed down to D9-branes.
There is evidence that a mass conserving condensation process of the 2 12 D25-branes down to the 2 4 (resp 2 5 ) bosonic D9-branes on the volume V D of the E 8 × E 8 -torus (resp E 8 × SO (16)) does indeed exist. This volume is the same as the Cartesian volume of the [SU (2)
where the critical radius R c of [U(1) c ] is half the self-dual radius R sd . Conformal field theory indicates [11] that at R c , two D(p+1)-branes decay into one Dp-brane conserving energy. At R sd , energy is conserved for one D(p+1)-brane decaying into one Dp-brane. Therefore the mass conserving transition of 2 12 → 2 4 (resp.2
. This torus may be continuously deformed into different volumes where this transition still exists without mass conservation [11] . Such condensation should also exist on the E 8 × E 8 -torus (resp. E 8 × SO (16)). At that point, mass will then be conserved.
The resulting picture exhibits an interplay between open string tachyon condensation and truncation: the dynamics of condensation occurs on a torus of the group for which truncation takes place. Mass is conserved both in condensation and in truncation. These facts strongly suggest a dynamical origin of the truncation process, and the search for a dynamical realisation of the truncation is certainly very challenging. The parent bosonic theory contains closed tachyonic excitations. In contradistinction with the open string tachyons for which the condensation mechanism is well established [21] , the fate and rôle of the closed bosonic tachyons is still unclear 15 . Tachyon condensation in the open string sector would lead to the disappearance of the open string degrees of freedom if the decay process terminates in the closed string vacuum. There are some preliminary and indirect indications that a similar mechanism could exist in the closed string tachyon case, and could lead to a reduction of the space-time dimensions (or more precisely to a reduction of the matter central charge) [25, 26] . This is reminiscent of what is achieved by truncation, and the latter process may well be related to the dynamics of the bosonic closed string tachyons.
If truncation is indeed a dynamical phenomenon, the central rôle played by the 26-dimensional bosonic string theory as a parent of the fermionic strings suggests that the fundamental constituents of quantum gravity do not contain fermionic degrees of freedom.
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A E-duality and Dirichlet-Neumann duality
We illustrate here in detail how the Neumann-Dirichlet duality is implemented when the bosonic string is compactified on a d-dimensional torus at an enhanced symmetry point. This generalised duality is the E-duality symmetry [22] . d will be calculated in the string formulation presented below.
Our starting point is the string action with constant antisymmetric background field [27] . It is 
The fields X a are dimensionless and periodic in the target space with period 2π; g ab and b ab have dimension [L] 2 . The compact momentum Π a is
Using Eq.(A.2), we write the Hamiltonian H in the compact dimensions in terms of
The boundary condition for open strings in the compact dimension is,
Consider first Dirichlet boundary conditions δX a = 0. One has
1 n α a n sin nσ exp(−inτ ) . The mass formula is, using Eq.(A.3),
where N (n.c.) is the oscillator sum in non-compact dimensions and the winding lattice L is L = n a e a , (A. 8) with e a taken such that g ab = e a .e b .
(A.9)
The covering of the configuration space torus, defined by the eigenvalues of the operator x a and the vectors e a , spans the periodic lattice t t = 2πn a e a . (A.10)
Degeneracy of the mass spectrum between oscillator and winding states occurs when 2/α ′ L is an even lattice. If this lattice coincides with the root lattice of a simply laced group G, the symmetry of the open string sector is enlarged to G. This occurs for
where the r a form a base of the root lattice Λ root and we choose them to be the simple roots. The momentum operator p a conjugate to x a has then integer eigenvalues m a spanning the lattice p generated by the vectors e a dual to e a p = m a e a , (A.12)
where the w a form a basis of the weight lattice Λ weight and are the fundamental weights. In the closed string sector unitarity implies a gauge group G × G with -a) left and right momenta
This constitutes a modular invariant even self-dual Lorentzian lattice.
Taking [28] b ab = +e a .e b for a > b , = −e a .e b for a < b ; b ab = 0 for a = b , (A.14)
one gets
These quantities verify the requirements a) and b) and yield the correct closed string mass formulae.
We now consider the generalised Neumann condition
The conjugate momentum Eq.(A.2) takes then the form
16 It has been shown in references [29] and [30] that for σ = 0 or π these X a do not commute, but this fact does not interfere with our analysis.
To compute the commutation relations between the operatorsx a , B a and D a n it is convenient to introduce the tensor E ab ≡ g ab + b ab and to define the E-dual metric G ab and antisymmetric tensor B ab by (E −1 ) ab ≡ G ab + B ab [22] ( Note that the spectrum Eq.(A.23) arising from generalised Neumann conditions is identical to the spectrum that one would get from imposing ordinary Neumann boundary conditions in the action S with no antisymmetric tensor and with background metric (G −1 ) ab instead of g ab .
We now show that the spectra Eqs.(A.7) and (A.23) are the same so that duality is realised through the equivalence of the two lattices
From Eq.(A.14) the quantity E ab = g ab +b ab is a triangular matrix. Its inverse (E −1 ) ab = G ab + B ab is thus also triangular and we may write This implies that the norms of the diagonal elements of g ab are the inverse of the diagonal elements of G ab . Recall that e a = √ 2α ′ 1 2 r a where r a is a simple root of a simply laced group. As r.r = 2 we have g aa = α ′ and thus G aa =ẽ a .ẽ a = 1/α ′ . On the other hand, we may takẽ 30) as this leads toẽ a .ẽ b = g ab − b ac g cd b db = (G −1 ) ab . But g ab = (α ′ /2)A ab where A ab is the Cartan matrix of the simply laced group G and hence because of Eq.(A.14) all the elements of E ab are ±α ′ or 0. This means thatẽ a / √ 2α ′ is on the weight lattice and hence √ 2α ′ẽa is a vector on the root lattice. From the norm condition it must be a root, but may differ from r a by a Weyl reflexion. As the matrix E ab is regular, √ 2α ′ẽa (resp.ẽ a / √ 2α ′ ) is a basis of Λ root (resp. Λ weight ). This establishes the equivalence Eq. (A.28) 
(A.34)
